Abstract-In this paper, we study the energy-efficient user access control (UAC) based on resource allocation (RA) in heterogeneous cellular networks (HCNs) with the required downlink data rate under non-ideal power amplifiers (PAs) and circuit power. It is proved that the energy consumption minimization is achieved when the typical user accesses only one base station (BS), while the other BSs remain in idle mode on the transmission resource allocated to this user. For this purpose, we reformulate the original non-convex optimization problem into a series of convex optimization problems where, in each case, the transmit power and duration of the accessed BS are determined. Then, the BS with the minimal energy consumption is selected for transmission. Considering the approximate situation, it is showed that the optimal transmit duration of the accessed BS can be estimated in closed form. The benefits of our proposed UAC and RA schemes are validated using numerical simulations, which also characterize the effect that non-ideal PAs have on the total energy consumption of different transmission schemes.
I. INTRODUCTION
Experiencing the explosive data growth over the recently years, the mobile wireless communications have developed swiftly and require larger system capacity, stronger signal coverage, and higher energy efficiency (EE) than the past [1] . With these developments, the wireless networks in the future need the user-centric framework with the improved quality of service (QoS) for all kinds of users, and have to transmit numerous data information with higher spectral efficiency (SE) [2] . Therefore, in order to solve these problems, the architecture of heterogeneous cellular networks (HCNs) has been proposed as a promising technology to increase the system capacity, strengthen the coverage performance and improve the user experience [3] , [4] . However, since HCNs need to deploy more hardware infrastructures, which inevitably cause rapidly grown energy consumption, green communication for HCNs has drawn much attention all over the world [5] . Therefore, the topic of energy-efficient HCNs is very interesting and worth to research, which is mainly discussed in this paper.
In HCNs, since numerous transmission nodes are deployed irregularly, there may be some areas that are covered by more than one BS, in which users can have a better chance to access the networks. In particular, due of the maximal received useful signal power, the optimal SE for the typical user can be achieved by accessing as many BSs as possible, where the user can be served by all the accessed BSs in cooperative transmission [6] , [7] . Therefore, with required data rate, it is intuitive that accessing more BSs can save the energy consumption on account of the reduced transmit power. However, in practice, considering both the non-negligible circuit power and the fact that a great part of the power input to a non-ideal power amplifier (PA) are not used for data transmission, this method may lead to higher overall energy consumption of HCNs due to the activation of all BSs, even if the transmit power can reduced by cooperative transmission [7] , [8] . As a result, the user access control (UAC) for minimal energy consumption under non-ideal circuitry is quite meaningful, but as far as we know, there is no certain result in the existing works.
The UAC, associating a user with its serving BSs, is of great importance to the system performance of HCNs, and has been widely studied in the existing literatures [9] . Traditionally, the UAC is fulfilled based on the maximum received signal strength provided by the single serving BS [10] , while more sophisticated UAC schemes are proposed in the emerging wireless networks for different goals, e.g., signal analysis, QoS guarantee, performance trade-off, SE and EE [11] , [12] . However, the non-ideal circuitry, which has a significant effect on UAC in HCNs, has not been considered in all the relevant literatures. In practice, PA responses are non-ideal, where the power efficiency varies non-linearly with respect to the output power [13] , [14] . The presence of non-ideal PAs creates a non-convex structure in the objective function, and the optimization for transmit duration is introduced due to circuit power, which both complicate the optimization problem.
In this paper, given the required data rate, considering two different types of channel state information (CSI), we study the energy-efficient UAC by investigating the resource allocation (RA) with minimal total energy consumption in HCNs under non-ideal PAs and non-negligible circuit power. For this purpose, we first formulate the non-convex energy optimization problem with respect to transmit powers and duration. It is proved that unlike the SE maximization, the minimal overall energy consumption is obtained when only one BS is accessed by the typical user and other BSs maintain silence on the same resource, based on which the original non-convex problem is transformed into a series of convex optimization problems, where the optimal transmit duration can be resolved by using linear search. Moreover, in the approximate situation, a closed form solution for the transmit duration can be obtained. Simulations are carried out to validate the benefits of our proposed scheme, and characterize the effect of non-ideal circuitry on the energy consumption.
The rest of the paper is organized as follows. Section II described the system model and formulated energy minimization problem, which was resolved in Section III, followed by algorithm in Section IV. Simulation results were provided in Section V, followed by conclusion in Section VI.
II. SYSTEM MODEL AND PROBLEM FORMULATION
In the considered HCNs, the BSs are deployed in a researched area, conforming a two-dimensional spatial homogeneous Poisson point process (PPP). It is assumed that a typical user equipment (UE) located at the origin (0, 0) ∈ R 2 lies in the intersection of signal coverage of M BSs. The typical UE can access a subset of the M BSs, denoted by M, which cooperatively transmit the same data information, using the same transmission resource, during every scheduling time interval of duration T , as shown in Fig. 1 . High-speed low-latency backhaul links, e.g., optical fibers, and perfect time-frequency synchronization are assumed among M. The CSI for all BSs is available and can be exchanged through backhaul links without any error and delay. A block fading channel, including large-scale and small-scale fadings, is used to characterize the complex channel gain, denoted by h m , m ∈ M, from BS m. The system bandwidth is W , and n is additive white Gaussian noise (AWGN) at the UE with power P N = N 0 W , where N 0 is the power spectral density (PSD) of the noise.
A. Signal Model
In the scheduling time interval, the cluster M transmits data jointly to the UE within t ≤ T seconds and turn into sleep mode during the rest of the frame, i.e., (T − t) seconds. Therefore, the received signal at the typical UE during the active time can be formulated as
where p m and x m = (w m s) are the transmit power and copy of the common information symbol s that BS m transmits, respectively. Note that w m is the weighting factor at BS m and E |x m | 2 = 1. And i out is overall interference with power I out , which is created by other BSs outside M. Due to numerous sources and randomness of the interference, it is modeled by the AWGN for average performance.
In this paper, there are two methods of CSI feedback, i.e., the short-term and long-term form. In short-term form, both the amplitude and phase information {|h m |, e j∠hm } of the channel can be sent back, however in long-term form, only the amplitude information {|h m |} is available. Depending on the type of CSI, there are two kinds of weighting factor w m considered in this paper. With long-term CSI, the cluster M only can transmit at the same time directly due to the unknown phase information, while with short-term CSI, phase compensation is made first before transmission to enhance the received signal power. Therefore, the received signal power in the two cases can be expressed respectively, as given by
Finally, according to Shannon formula, the achievable data rate attains the form, as presented by
B. Energy Consumption Model
The efficiency η of a PA is defined as the ratio between the output transmit power and the actual total power consumption. Moreover, the traditional power amplifier (TPA) is considered in this paper [13] , [14] , where the total power consumption for BS m can be given by
where P max,m and η max,m are the transmit power parameter and maximum PA efficiency in BS m, respectively. Considering TPA model and circuit power, the total power consumption for transmission of BS m can be written as
where the circuit power consumption is divided into two parts, i.e., static and dynamic components. The static component P base,m is the constant, whereas the dynamic component p c,m = ε m r dl , which depends on both the actual downlink data rate r dl and power consumption coefficient for transmitting a data rate unit, denoted by ε m . Similarly, the power consumption for reception at the UE can be given by
Finally, the power consumption in idle mode is assumed to be the constant (i.e., independent of r dl ) at both BS m, denoted by P idle,m , and the typical UE, denoted by P idle,u .
C. Optimization Problem Formulation
In this subsection, we consider the energy consumption minimization in HCNs with required downlink data rate r dl under non-ideal PAs and non-negligible circuit power. In this case, the energy minimization problem can be formulated as
where I(·) is an indicator function, i.e., I(x) = 1 if x > 0; otherwise, I(x) = 0. Note that P m = 0 if BS m is not accessed. It is seen that for the optimal solution of (P1), r dl = C must be satisfied, which can be easily proved by reducing transmit powers {p m } until the data rate equality holds. Note that for simplicity, it is assumed that transmit power p m will not exceed its maximum P max,m ; in other words, P max,m is large enough to support the required data rate r dl .
III. ENERGY MINIMIZATION UNDER TPA
In this section, we will resolve the energy minimization problem (P1) under TPA. Substituting (4)-(6) into (P1) and suppressing the constant term, the objective function can be transformed, as written by
It is clear that the optimization problem (P1) is not convex w.r.t. the transmit powers and duration, due to the non-convexity of objective function (7) and even the non-convex feasible region caused by the logarithmic data rate constraint. This characteristic can be confirmed by analyzing the corresponding Hessian matrix, as calculated by
It is clear that the Hessian matrix is neither positive nor negative, based on which (P1) cannot be resolved by existing standard convex optimization algorithm directly. Therefore, the necessary optimal conditions are introduced in this paper to overcome this problem. 
Proof: Given M and transmit duration t, an equivalent objective function can be given by
where we remove the constant terms of (7) that do not depend on transmit powers {p m }. Then the proof will be completed in two cases, i.e., long-term CSI and short-term CSI, which are presented in detail as follows.
where
In the following, we first prove that the transmit power presented in the theorem above minimizes (12) and then, prove that this solution minimizes (11) as well. The Lagrange function that combines the objective function and data rate constraint of this new optimization problem can be formulated, as given by
where λ tpa,1 is the Lagrange multiplier. According to Karush-Kuhn-Tucker (KKT) conditions, ∂Ltps,1 ∂pm = 0 should hold simultaneously for all BSs from M in any local optimal solution. Therefore, considering 0 ≤ t ≤ T , the following relationship must be verified for all m ∈ M, as expressed by
By exploring the structure of (15), it is observed that only one BS can be accessed by the typical UE in any local optimal solution. This is because the right-hand side (RHS) of (15) is constant regardless of m, whereas the left-hand side (LHS) takes a different values for each different BS index. Therefore, a different local optimal solution is obtained by first accessing a given BS m * , then selecting its corresponding transmit power (8) with the aid of (3), and finally forcing p m = 0 for m = m * . In this case, when evaluating (13), E plus tpa ({p m }) = 0, which is its minimal value, and in turn (10) reaches its minimal value. Moreover, the second term in (7) is also minimal if only one BS is accessed. Therefore, the proposed solution represents a local optimum for (13).
Short-term CSI:
In this case, we directly minimize E L tpa ({p m }) in (10) , where the Lagrange function for E L tpa ({p m }) can be formulated, as given by
Similarly, according to the KKT conditions, any local optimal solution for 0 ≤ t ≤ T should verify ∂Ltpa,2 ∂pm = 0 simultaneously for all BSs from M, which can be transformed, as expressed by
(17) Like the long-term CSI case, since the RHS of (17) is constant regardless of m, whereas the LHS takes a different values for each different BS index, it can be shown that only one BS is accessed for any local optimum, and its transmit power can be calulated with the help of (8) to minimize the total energy consumption E tpa .
Combining the two different cases, the theorem is completely proved.
Remark: Unlike maximizing the SE in HCNs, when considering the minimization of total energy consumption, only one BS is accessed at any scheduling time interval in both long-term and short-term CSI cases under non-ideal circuitry.
Let us now focus on the optimization of the transmit duration t when the energy consumption of BS m is evaluated. Combining (8) with (7), the transmit duration optimization problem can be reformulated as
It can be easily proved that energy consumption minimization problem (P2) is convex when r dl W > 1, since the second-order derivative of the objective function in this situation is always positive.
For minimizing the total energy consumption, the selection criterion of optimal BS can be written as
To reduce the complexity and obtain closed-form expressions, two approximate relationships can be given by
which can both be established in low and high data rate region.
If the system works in high data rate region, the SE r dl W is large enough so that 2 T W r dl t ≫ 1. This is the typical case nowadays, where the advanced technologies, e.g., high-order modulation, are exploited to increase the SE. And in low data rate region, the transmit duration will be reduced to be small enough to weaken the effect of the circuit power for achieving minimal energy consumption, based on which T t is very large so that 2 T W r dl t ≫ 1 [14] . It is noted that the transmit power is very large enough to dominate the overall power consumption in the approximate situation so that the circuit power can be ignored. Substituting the approximate relationships into the objective function of (P2), a new approximate optimization can be reformulated. Then, it can be shown that the first-order derivative of the approximate objective function of (P2) equals zero when following conditions are verified, i.e., the optimal transmit duration t * tpa can be formulated, as given by
, otherwise.
And if the circuit power can be ignored, the selection criterion for the optimal BS can be simplified, as given by
IV. ALGORITHMIC IMPLEMENTATION With the aid of Theorem 1, the non-convex energy consumption minimization problem can be reformulated into a set of convex optimization problems with the structure of (P2). These equivalent optimization problems can be solved with the aid of standard convex optimization algorithms, like the linear search method in this paper. Moreover, in the approximate situation, the optimal RA can simply be obtained through approximate criterion and expressions. A summary of this procedure is summarized in Algorithm 1. Run linear search to get optimal t m from problem (P2);
4:
Compute p m using (8) Simulations are carried out to validate our proposed scheme in HCNs with non-ideal circuitry. Apart from the proposed algorithm, some state-of-the-art approaches are also simulated for comparison purpose, where traditional scheme is to access single serving BS that can provide maximum received signal strength [10] , while all access scheme is to access all BSs with uniformly allocated transmit powers [12] . In is noted that all these simulated schemes are with optimized transmit duration, unless otherwise specified [13] , [14] . Moreover, the long-term and short-term CSI cases degenerate to the identical results and attain the same performance consequently; see Theorem 1. Therefore, we do not distinguish the two cases and plot them by one curve in the simulations.
For fair comparison, all the simulated schemes have the same required data rate r dl with time frame T . The circuit power ranges from tens to hundreds of milliWatts, comprised mainly of baseband processing and radio-frequency (RF) generation. The reasonable range of PA efficiency at the maximum average BS transmit power is around 0.311 to 0.388. The simulation parameters are listed in Table I . Fig. 2 shows the minimal energy consumption for different scheme under non-ideal circuitry. It is obvious that our proposed scheme outperforms the others compared schemes in any case. Although the all access scheme can get the maximal system capacity, its energy performance is the worst due to quite large power consumed for non-ideal circuitry at all BSs. It is seen that the minimal energy consumption of the proposed scheme exhibits a linear growth in the low required SE region and, after a threshold, the energy starts to increase exponentially. This is because with low required SE, the circuit power dominates the total energy consumption and the transmit duration will increase to support the rising required data rate, based on which the total energy consumption grows linearly corresponding to the linear increase of transmit duration, as shown in Fig. 3 . However, when the required SE grows, the transmit duration starts to occupy most part of the frame and the energy consumption starts to increase exponentially because transmit power needs to grow exponentially to maintain the target data rate. Under TPA, both cases of long-term and short-term CSI provide the same energy performance for proposed scheme, whereas the short-term CSI case gives a better energy performance for other schemes due to the larger received signal power with knowledge of phase information. Finally, it is observed that the two curves of precise and approximate cases are almost overlapped, which indicates the difference between the precise and approximate expressions for minimal energy consumption is negligible. Fig. 3 plots the optimal transmit duration for different schemes with non-ideal circuitry. It is possible to observe that our proposed duration optimization can leverage the transmit power and duration optimally. It is seen that when the required SE is less than 4 bps/Hz, the transmit duration is less than the entire time and grows linearly with the increase of SE requirement. It aims to avoid the exponential increase of transmit power and the extra power consumed in TPA. However, when required SE is over 4 bps/Hz, the entire frame is occupied for transmission, and the optimal transmit power need to increase exponentially to meet the increasing required SE. It also can be seen that the optimal transmit duration of all access scheme is shorter than the other counterparts, because it contains much more circuit power which needs less transmit duration to minimize this effect. Moveover, since the traditional scheme cannot access the most energy-efficient BS, its transmit The required spectral efficiency R dl /W duration is a little larger than the proposed scheme to reduce the transmit power. Finally, it is possible to see that approximate solution (19) of problem (P2) is tight to some extent, even in the low required SE range. Fig. 4 compares the minimal energy consumption of both TPA and IPA. The minimal energy consumption is lower for IPA than TPA, particularly in the low required SE region. This is because the power consumption of TPA is higher than IPA for the same transmit power. When compared to IPA, the curves for TPA do not exhibit the flat characteristic, which means that the consideration of non-ideal PAs increases the total energy consumption significantly for the same required SE. This is the same reason why the linear growth rate of TPA curve is much bigger than that of IPA curve in the low required SE region. It also can be seen that the cases of long-term and short-term CSI can get the same energy performance, which verifies the analyzed results of Theorem 1.
VI. CONCLUSION
In this paper, we investigated the energy aspect of UAC based on optimal RA in HCNs, with the consideration of both the non-ideal PAs and circuit power. Through the optimal RA, BS access and transmit duration optimization are derived. It is proved that single BS access is the best scheme and, making use of this result, the original multi-variable nonconvex optimization problem was transformed into a series of single-variable convex problems that were solved using the linear search method. Numerical simulations were carried out to validate the analysis, and to characterize the effect of non-ideal circuitry on energy performance of HCNs.
